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• Online Data Supplement H eart disease is currently the leading cause of death in the world. 1 It is estimated that greater than a third of the population in the United States has at least 1 type of cardiovascular disease. 2 Although its clinical manifestations typically emerge in middle age, the atherosclerotic process begins in childhood. 3 Proatherosclerotic fatty streaks and raised lesions, which are deposits of cholesterol/esters and fibrous plaques, respectively, are seen in children as young as 3 and increase in number and severity with age. 3 Children with cardiovascular risk factors will develop atherosclerosis in adulthood at an accelerated rate. 4 Therefore, interventions during childhood and adolescence could prevent the development of atherosclerosis in adulthood. Noninvasive modalities are ideal to assess these interventions in children because of their safety and feasibility. 5 Some of these techniques include carotid intima-media thickness (IMT) by ultrasound, endothelial function by reactive hyperemia, and arterial stiffness by tonometry, oscillometry, and ultrasound. [5] [6] [7] This article reviews studies of diet, exercise, and pharmacological interventions using noninvasive vascular health indices as outcomes in children and adolescents. An understanding of past investigations will guide future research in this field.
Endothelial Function
One of the earliest detectable cardiovascular changes associated with disease is endothelial dysfunction. In normally functioning vasculature, the endothelium produces nitric oxide in response to shear stress caused by increased blood flow, 8 which results in compensatory vasodilatation. If an appropriate degree of dilation is not reached, this is classified as endothelial dysfunction. Endothelial dysfunction can be caused by the reduction of nitric oxide being released or the inactivation of nitric oxide by an excess of reactive oxidative particles. 9 Endothelial dysfunction is proinflammatory and prothrombotic. 10 However, unlike atherosclerosis, endothelial dysfunction is treatable and reversible. 11 Reactive hyperemia assessment is an established noninvasive method to assess endothelial function when shear stress in the brachial artery is elicited after temporary occlusion of the vessel. Flow-mediated dilation (FMD), the measurement of the percent change of dimension in the brachial artery during reactive hyperemia using ultrasound, is an independent predictor of future cardiovascular events. 12 Pulse amplitude testing is an alternative method that uses fingertip probes to record arterial pulsatile volume changes. This method is less operator-dependent than FMD and provides a reactive hyperemia index, a validated predictor for major adverse cardiovascular events in adults. 13 
Arterial Stiffness
Arterial stiffness results in increased central pulse pressure, left ventricular hypertrophy, and lowered perfusion pressure in coronary arteries. 14 The pressure generated by the left ventricle during systole emits a wave of increased pressure; as the blood travels through the vasculature, another wave of pressure is reflected back to the heart. 15 In healthy vessels, this reflected wave provides the pressure to drive blood into the coronary arteries during diastole. 16 However, increased vascular stiffness can cause pulse wave velocity (PWV) to increase, thus resulting in the premature return of the wave reflection. 17 This early return results in incomplete perfusion of the myocardium and augmentation of central pressure. The percentage of the central pressure enhancement because of the reflected wave is known as the augmentation index. PWV and augmentation index are independent predictors of cardiovascular mortality in adults. 18 These indices can be measured noninvasively by applanation tonometry, 19 oscillometry, 7 or vascular ultrasound 20 on several arterial sites.
accessible location for observation and monitoring. 21 Carotid IMT (CIMT) is a significant predictor of stroke and myocardial infarction in adults. 22 Children with hypertension, obesity, and familial hypercholesterolemia demonstrate higher IMT values than healthy children. [23] [24] [25] Increased IMT values in the femoral artery are also considered a cardiovascular risk factor, although the femoral IMT is studied less frequently than CIMT.
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Methods
An online database search using PubMed (MEDLINE) was performed using the Boolean search terms endothelial function and children, pulse wave and children, IMT and children, vascular and children, endothelial function and adolescent, pulse wave and adolescent, IMT and adolescent, and vascular and adolescent to identify publications on pediatric diet, exercise, or pharmacological interventions that used either endothelial function, IMT, or arterial stiffness as outcome measures. Publication dates were limited to within past 30 years. A total of 7441 were displayed in the results. Inclusion criteria were (1) randomized, controlled trials, (2) pertained to pediatric population, (3) designed interventions aimed at vascular health, (4) outcomes used noninvasive techniques of measuring vascular health, and (5) written in the English language. Forty-eight articles were selected after screening titles and abstracts. A total of 33 articles were selected for inclusion in the final review. Of the 15 articles excluded, 3 could not be located and 12 did not meet criteria after further investigation. The interventions of the selected articles were classified into 4 categories: exercise interventions, diet/supplement interventions, drug interventions, or multiple interventions.
Results
Overview
The majority of the interventions were in obese or overweight children and adolescents, followed by interventions in children with history of chronic kidney disease and familial hypercholesterolemia (Tables S1-S4 in the online-only Data Supplement).
Interventions in Overweight/Obese Children and Adolescents
Several studies used aerobic exercise [27] [28] [29] [30] [31] and 2 used a combination of resistance training and aerobic exercise.
32,33 The programs ranged from 120 to 270 minutes of exercise per week for 2 to 6 months with the majority resulting in a significant improvement in either FMD (Δ in mean FMD, +1.35 to +3.62%; P<0.05) or CIMT (Δ in mean CIMT, −0.04 to −0.02 mm; P<0.05). 27, 29, 31, 33 The 2 interventions that reported no significant improvements in vascular indices were at the lower range of intervention duration (2-2.5 months). 28, 32 A few interventions studied the effect of specific diet or supplements on pediatric vascular measures. [33] [34] [35] One study examined the effect of omega-3 fatty acid supplementation for 3 months. 34 The investigators found an improvement in the reactive hyperemia response curve compared with placebo (P<0.01). Two studies used dietary interventions. One was a 6-month intervention of a low-calorie diet. 35 The results displayed a significant improvement in CIMT (0. 
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One study investigated the effects of the medication exenatide on vascular function in obese children for 6 months. The investigators found no significant change in the reactive hyperemia index; although, body mass index was significantly reduced (−0.90±1.22 kg/m 2 ; P=0.010). 36 Several studies incorporated combinations of multiple therapies. [37] [38] [39] [40] [41] These interventions used aerobic exercise programs ranging from 80 to 270 minutes per week with dietary modifications for durations between 1.5 months and 1 year. All reported significantly improved measures of vascular function from baseline, specifically increased FMD (Δ in mean FMD, +0.1 to +1.2%; P<0.01), 37, 39, 40 decreased CIMT (−0.10 mm; P<0.001), 41 and decreased PWV (−0.4 m/s; P<0.05).
38
One study also provided a group with multivitamin supplements along with dietary and aerobic exercise programs. 38 Their results showed that PWV was only lowered in subjects receiving dietary, exercise, and multivitamin therapy (3.7±0. 
40
Interventions in Children With Familial Hypercholesterolemia
Two studies in children with hypercholesterolemia used antioxidant therapy and measured changes in vascular health. 42, 43 Both studies used vitamin-C and E supplements and reported this therapy to improve endothelial function. In one study, FMD increased significantly in response to antioxidant intervention (5.7±2.9-9.5±4.2%; P=0.001), whereas dietary intervention alone produced no significant change in FMD. 42 There were no significant effects of diet or antioxidants on other lipid levels or biomarkers of oxidative stress. In the second study, investigators demonstrated that FMD is impaired in children with hyperlipidemia as young as 6 years; however, the degree of low-density lipoprotein (LDL) cholesterol elevation did not correlate with the degree of endothelial dysfunction. 43 The FMD increased from 2.8±1.6 to 9.1±2.3% (P=0.001).
Other studies investigated the effects of statin therapy on vascular health in children with familial hypercholesterolemia. A double-blind, placebo-controlled study of 214 children with familial hypercholesterolemia randomly assigned subjects to receive either pravastatin or placebo for 2 years. 44 Mean CIMT decreased from 0.547±0.060 to 0.494±0.047 mm. The researchers reported that age at statin initiation was an independent predictor for CIMT (P=0.016). In another study on 50 heterozygous children with familial hyperlipidemia, subjects were randomized to either simvastatin or placebo groups. 45 At baseline, children with familial hyperlipidemia demonstrated impaired FMD compared with controls (P=0.024). After the
Interventions in Children With Chronic Kidney Disease
Two studies examined the effects of supplements on vascular measures in children with chronic kidney disease. 46, 47 A randomized, crossover, placebo-controlled, double-blinded study measured the effects of folic acid for two 8-week periods with an 8-week washout between. 47 Twenty-five subjects were included. Their results showed a significant improvement in FMD in the intervention group (7.21±2.81-8.47±3.01%; P=0.036). In the second study, 61 patients were given 1α-hydroxycholecalciferol, a form of vitamin-D that does not require activation by the kidneys, for a year. 46 The findings demonstrated that both low and high levels of 1,25(OH)2D are associated with an increase in CIMT (P=0.0001). There have also been some reports suggesting that an increase in CIMT may be associated with length of time on dialysis and can be improved by earlier renal transplantation.
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Exercise Interventions
All exercise interventions used programs where subjects engaged in activity 2 to 4× per week for 1 hour, ranging from 2 to 6 months. [27] [28] [29] [30] [31] [32] 49 Aerobic exercise interventions were the most common, although circuit training and strengthening regimens were also investigated. 27, 30, 49 Exercise interventions focused primarily on obese and overweight subjects, [27] [28] [29] [30] [31] [32] 49 and FMD was the most widely measured noninvasive vascular health outcome. [27] [28] [29] [30] [31] 49 At baseline, prepubertal subjects typically displayed healthier values in FMD and CIMT than adolescents; however, the interventions showed greater influence on the values of older than younger subjects with a significant improvement in both groups (Δ in mean FMD from baseline +3.5% versus +1.35%, respectively).
30,31 Aerobic exercise programs alone portrayed overall better effectiveness in improving vascular indices in obese children (60-minute aerobic exercise, 3× per week for 8 weeks improved FMD after the intervention: 7.35±0.99 versus 6.00±0.69%; P<0.05) than programs with aerobic exercise and resistance training (50-minute aerobic exercise and resistance training, 3× per week for 3 months showed no significant change in FMD). 27, 31 Furthermore, resistance and strengthening interventions had the best results in adolescent subjects (∆ in mean FMD from baseline, +2.1 to +3.5%; P<0.05) versus prepubertal children (50-minute aerobic exercise resistance training, 3× per week showed no significant change in FMD). 27 ,30,31,49
Diet/Supplement Intervention
Dietary and supplement interventions were categorized together because investigations observing the effect of a supplement require dietary monitoring to control for extraneous sources. The supplement interventions involved omega-3 polyunsaturated fatty acid, vitamins, or a cereal-based nutritional supplement. 20, 34, 35, 43, 46, 47, [50] [51] [52] [53] Obese adolescents participating in a 3-month omega-3 polyunsaturated fatty acid intervention showed significant improvements in endothelial function (increase in reactive hyperemia response curve, P=0.01), 34 whereas a 5-year intervention starting at infancy with the same supplement demonstrated no change in CIMT, augmentation index, or PWV in healthy children. 54 Two studies investigating vitamin-D supplement interventions found that changing levels of vitamin-D in the blood stream can significantly improve vascular health. 46, 50 In one study, healthy black adolescents with vitamin-D deficiency displayed significant decreases in PWV after vitamin-D supplementation (5.33±0.79 versus 5.41±0.73 m/s; P<0.05). 50 Another study reported that both excessively elevated and excessively depressed levels of biologically active 1,25(OH) 2 D resulted in a significant increase in CIMT in pediatric dialysis patients (P<0.0001). 46 Interventions involving vitamins B9, C, and E all indicated significantly improved FMD (∆ in mean FMD, +1.26 to +6.3%; P<0.05). 43, 47, 52 The interventions with diet alone all lasted a minimum of 6 months. 20 46 after dietary enhancements in contrast to healthy subjects undergoing dietary interventions (low-salt diet showed no significant differences in PWV 41 and low-saturated fat diet showed no significant improvement in FMD after adjustment for total serum cholesterol at ages 7 months 2 years).
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Drug Interventions
All drug interventions persisted for at least 6 months. 44, 45, 55, 56 Statin treatments were tested on adolescents and children with familial hypercholesterolemia, 44, 45 Kawasaki disease, 55 and obesity. 56 Two of these interventions reported significant improvement in FMD (∆ in FMD, +1.58 to +3.8%; P<0.05) and PWV (1027.2±166.4 versus 1175.4±277.3 cm/s; P=0.001). 44, 55 Furthermore, in these studies, statin treatment resulted in significant total cholesterol reduction (∆ in mean total cholesterol, −0.6993 to −2.16 mmol/L; P<0.0001). 45, 55 Earlier initiation of statin treatment for subjects with familial hypercholesterolemia was associated with significantly thinner CIMT values compared with later initiation (P=0.016). 44 Two nonstatin drug interventions targeted obese subjects with nondiabetic/nonhormonal obesity and polycystic ovary syndrome. Nondiabetic/nonhormonal obese subjects were treated using Exenatide, used in adults to improve glycemic control, and the reactive hyperemia index was measured. 36 In the second study, patients with polycystic ovary syndrome took rosiglitazone, a hepatic and skeletal muscle insulin sensitizer. Vascular health was measured by CIMT and PWV. 56 Neither treatment resulted in significant improvement in vascular health indices.
Multiple Interventions
Interventions using multiple approaches typically combined exercise with dieting and sometimes behavioral therapy, drug treatment, or dietary supplements. 37, 38, [40] [41] [42] 57, 58 CIMT was used universally in multi-interventional studies. Obese subjects were consistent in successful reduction of FMD and CIMT values in comparison with other populations (∆ in mean FMD, +0.1 to +1.2%; P<0.05 and ∆ in mean CIMT, −0.07 to −0.12 mm; P<0.001, respectively). 37, 40, 41, 57 Subjects participating in interventions with vitamin supplements, exercise, and diet displayed greater improvements in PWV (3.7±0.1 versus 4.1±0.1 m/s; P<0.05) than those only involved in exercise and dieting (no significant reduction in PWV). 59 National Cholesterol Education Program-II diet with vitamin-C and E supplements showed improved FMD from baseline (9.5±4.2 versus 5.7±2.9%; P<0.001); however, there was no significant alteration in FMD from diet alone. 57 Another trial demonstrated that exercising and dieting subjects developed better FMD alterations from baseline (8.0±1.8 versus 6.8±2.0%; P<0.0001) than those only dieting (7.5±1.9 versus 6.9±2.0%; P<0.002). 62 Most of the studies that measured LDL cholesterol found that LDL cholesterol levels were lowered significantly (∆ in mean LDL, −0.3 to −0.518 mmol/L) when vascular health indices improved. 37, 38, 40 However, in one study in patients with hyperlipidemia, endothelial function by FMD did not improve when LDL cholesterol was reduced (4.4548±1.2432 versus 4.843±1.269 mmol/L; P<0.01) using a diet program. 42 Interestingly, a significant improvement in FMD from baseline was observed (9.5±4.2 versus 5.7±2.9%; P<0.001) with addition of antioxidant treatment of vitamin-C and E to the dietary intervention without any significant decrease in LDL cholesterol.
Oxidative Stress
Several studies measured biomarkers of oxidative stress or inflammation, [27] [28] [29] 32, 33, [35] [36] [37] 39, 42, 47, 54, 55, 58, 59 including C-reactive protein and oxidized LDL. The majority of these studies demonstrated a significant improvement in at least 1 noninvasive measure of vascular health, 27, 29, 35, 37, 39, 42, 47, 55, 58, 59 with 6 showing a significant improvement in at least 1 marker of inflammation or oxidative stress. 32, 35, 37, 47, 55, 58 In the interventions that did not demonstrate a significant improvement in any vascular health index, 28, 32, 33, 36, 54 all but 1 did not result in a significant change in inflammatory or oxidative stress biomarkers.
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Discussion
This study provides a descriptive review of vascular interventions assessed by noninvasive techniques on children. Although the interventions varied in design and results, some consistency can be seen in the outcomes.
Numerous diet and exercise interventions that showed improvements in vascular health indices also reported a decrease in LDL cholesterol. 29, 32, 37, 38, 40, 44, 45, 55 Furthermore, 2 of the statin interventions that lowered LDL cholesterol also significantly improved vascular health. 44, 45, 55 However, interventions that showed improvements in pediatric vascular health indices without decreasing LDL cholesterol have been reported. 27, 30, 31, 36, 42 A relationship between LDL cholesterol and vascular health has been questioned previously in adults. The findings portray mixed results; some studies in adults showed LDL cholesterol to be a significant independent predictor of endothelial function, 60 PWV, 61 and CIMT, 62 whereas another study demonstrated that improvements in endothelial function because of exercise were not associated with a reduction in LDL cholesterol. 63 A possible alternative for improvement in FMD is a reduction specifically in oxidized LDL rather than general LDL. Oxidized LDL reacts with the endothelium of arteries causing tissue damage and inflammation. 64 Circulating oxidized LDL in adults is a significant marker of coronary artery disease. 65 In addition, thiobarbituric acid reactive substances have been studied as a measure of oxidative stress in children with primary hypertension and demonstrated significant correlation with CIMT. 66 In a diet and exercise intervention on obese adolescents, changes in oxidized LDL levels were inversely correlated with endothelial function by FMD. 37 Furthermore, interventions using supplemental antioxidants, including folic acid, zinc, vitamin-C, and vitamin-E, demonstrated improvement in vascular health in a wide variety of subject populations: children with hyperlipidemia, increased body mass index, chronic renal failure, and type-1 diabetes mellitus. 43, 46, 47, 50, 52 Similarly, studies have shown antioxidants to improve endothelial function in adults with coronary artery disease. 67 The improvement of vascular health in children also increased when multiple interventions were used together. Although diet and exercise interventions can individually improve pediatric vascular health, more impressive results are generated when both are used. 40 Moreover, endothelial function and arterial stiffness improve after addition of antioxidants to diet interventions in children. 38, 42 Adult studies exhibit a similar trend; in one study, mildly hypertensive subjects were treated with either a hypocaloric diet and an antihypertensive/insulin-sensitizer drug, moxonidine, or solely a hypocaloric diet. 68 Endothelial function by FMD rose significantly (P=0.01) in both these treatment groups, but the subjects given a diet and drug intervention had more increase in their FMD values than those with diet alone. 68 Common limitations can be observed in these studies. The sample sizes were often small, which warrants careful extrapolation of results to more generalized populations. Also, in studies involving multiple interventions, it was difficult to differentiate the effects of diet from those of exercise on vascular health. These studies are also susceptible to limitations in the noninvasive measurement of vascular health in pediatrics because PWV, reactive hyperemia index, and CIMT change significantly throughout childhood and adolescence. 69, 70 Thus, standardized values of vascular measures should be analyzed, rather than absolute values. Pediatric normative data on PWV 69 and CIMT 71 have been published and can be used to standardize values in future studies.
Perspectives
This review of pediatric vascular health interventions using noninvasive measures as outcomes has compiled a summary of recent investigations. The investigations suggest oxidative stress to be a potential pathogenesis of endothelial dysfunction leading to subsequent atherosclerosis later in life. Although a combination of multiple interventions has had the most consistent improvement in vascular health indices, therapies directed at reducing reactive oxygen species are promising for future research in this field.
Conclusions
These investigations demonstrate that cardiovascular health can be modified in young individuals, and vascular health indices can be used as surrogates of cardiovascular outcomes. Overall, the paucity of data in pediatric intervention studies using vascular health outcomes, particularly in comparison with adult studies, suggests that additional attention must be given to this field of research essential for timely preventive care of future generations. The exact age of the study cohort was not reported The exact age of the study cohort was not reported. 
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